Non-uniformities in the exit temperature profile of the combustor currently limit the performance of gas turbine engines since the designer must provide margin for hot spots that can damage turbine section components. A system for controlling fuel spray distributions with potential application for combustor pattern/profile factor control is evaluated. A production fuel injector was modified to include a system of four Coanda jet actuators in the outer swirl cup. In cold-flow tests, the spray distribution was visualized using a laser-based Mie scattering imaging technique. By activating all four Coanda jets simultaneously, it is demonstrated that the spreading rate of the liquid spray can be significantly increased. Activating a single Coanda jet similarly affects the spreading rate on the side of the activated jet while the leaving the remaining spray distribution largely unchanged. This results in a displacement of the fuel spray and, presumably, the heat release zone. Effective control is demonstrated using injected flowrates equivalent to as little as 1% of the total engine air mass flow rate.
Introduction
Non-uniformities in the exit temperature profile of the combustor limit the performance of gas turbine engines. Currently, the maximum combustor temperature must be reduced to provide margin for hot spots that can damage turbine section components. A system which is capable of improving the uniformity of the combustor exit temperature profile, or pattern factor, would then improve the overall performance of the engine as well as increase the life of the hot-section components. By modifying the spray distribution of __________ *Principal Research Scientist, Member AIAA Copyright © 2000 by Physical Sciences Inc. Published by the American Institute of Aeronautics and Astronautics, Inc. with permission.
the fuel injector, it may be possible to control the exit temperature profile of the combustor.
The objective of the current effort was to demonstrate control of a fuel spray distribution by modifying a production gas turbine fuel injector to include control actuators. The basic concept is to use small fluidic jets to produce aerodynamic forces that can globally affect the spray flow field. The advantage of employing a fluidic actuator approach for combustion applications is that no mechanical components need be exposed to the high-temperature environment of the combustor. Rather, the fluidic control can be implemented using valves, possibly microvalves, located remotely from the point of actuation. For the pattern factor control application, high-bandwidth control is not considered necessary. Thus, phase delays associated with remote valve actuation should not impair the system performance.
A variety of aerodynamic control techniques have been employed to control gaseous jets, including acoustic forcing 1,2 as well as steady blowing and suction [3] [4] [5] . A series of experiments by Juvet and Reynolds demonstrated that global flow field changes could be produced using a Coanda blowing ring installed around the periphery of a turbulent jet nozzle 3 . The Coanda effect refers to the pressure distribution and the resulting forces produced by a flow negotiating a curved surface. A high-velocity flow along a curved surface produces low pressure or suction region that prevents the flow from separating. This mechanism can be used to control the behavior of a free shear flow such as a jet. Juvet and Reynolds achieved nearly complete flow reversal along the centerline of a jet with injected mass flows which were only 10% of the main flow, demonstrating the effectiveness of this control method.
In the current work, the Coanda blowing actuator concept is extended in two ways: 1) Coanda blowing is used to control the swirling, droplet laden flow field produced by a production gas turbine fuel injector and American Institute of Aeronautics and Astronautics Figure 1 . Schematic of the Coanda blowing ring installed on the G.E. CFM56 gas turbine fuel injector. Figure 2 . Schematic of cold flow test facility for fuel spray control experiments.
2) the actuator system divides the blowing ring into sectors, producing individual Coanda "jets," which can be used to vector the spray flow field. Laser Mie scattering images of the spray acquired during cold flow tests are used to assess the effectiveness of the control system.
Experimental Apparatus
A modified fuel injector from a General Electric CFM56 gas turbine engine was used for all the results reported here. The basic injector consists of a centrally located pressure atomizing nozzle with a 90 deg spray cone angle. Two co-annular, counter-rotating swirled air flows are produced by a pair of radial swirl vane assemblies. The outer region of the fuel spray emerging from the simplex nozzle impinges on an annular surface dividing the inner and outer air flows. A thin liquid film is formed which convects downstream and is rapidly atomized by the strong shear produced by the counter-swirling air flows at the trailing edge. The swirling, droplet-laden flow exiting the injector rapidly expands forming recirculation zones that act to stabilize the combustion.
The CFM56 fuel injector was modified to include fluidic actuators in the outer swirl cup to effect the spray distribution control. Figure 1 shows a schematic of the Coanda blowing ring installed on the G.E. CFM56 fuel injector. The dimensions of the modified outer swirler cup are very similar to those of the original. The ring is a two-piece, stainless steel assembly consisting of an inner and outer surface. Air is fed into the ring through four feed ports located at 90 deg increments. A plenum region distributes the flow circumferentially. The flow accelerates through a contraction region and exits through a 0.38 mm wide slot. The inner diameter of the outer swirl cup is 32 mm, and the lip thickness at the slot exit plane is 0.38 mm. The radius of curvature of the outer surface is 9.0 mm. So that vectoring of the spray flow field could be demonstrated, the plenum and contraction regions of the Coanda ring were sectioned into four quadrants using mold release and RTV. Each Coanda slot is supplied by a separate air feed port so that individual actuation could be accomplished. For the purposes of the experiments discussed here, manuallyoperated needle valves were used to meter the individual flows.
The cold flow test facility constructed for the fuel spray control experiments is shown schematically in Figure 2 . It consists of a frame structure which is 24 x 24 in. in cross-section and is approximately 6 ft high. The sides of the booth are formed by acrylic sheets which contain the flow and provide optical access to the flow for the planar laser Mie scattering. A fan American Institute of Aeronautics and Astronautics located on the top of the structure provides a low-speed co-flow of air to help contain the spray in the near-field as well as provide a means of convecting the droplets downward for collection in a drip pan. An air plenum assembly is mounted within the facility to supply air to the GE CFM56 air-blast atomizing fuel injector. The plenum is mounted such that the injector is oriented downward. It consists of a 12 in. long section of 6 in. diameter PVC pipe with a flange on the upper end. An aluminum mounting plate is used to attach the injector on the opposite end. Room-temperature air from PSI's high-pressure air facility is fed into the plenum through a series of four radially directed injectors. Manual needle valves are used to meter the air flows. Flow conditioning elements are used to remove residual swirl and turbulence in the air flow, insuring a well-behaved spray flowfield. Water, which is used to simulate the liquid fuel in all of the cold flow tests, is fed to the injector through a small diameter tube which penetrates the plenum assembly. Additional ports are provided on the sides of the plenum structure to allow air to be fed to the Coanda jets of the modified fuel injector.
To visualize the spray flow field, a planar laser Mie scattering technique was used. The experimental setup is shown in Figure 3 . The beam from a pulsed, frequency-doubled, YAG laser was expanded into a sheet using a single 5 cm focal length cylindrical lens. The laser sheet was aligned with the centerline of the injector so that it bisected two of four Coanda blowing slots. The laser sheet was approximately 25 cm high and 5 mm wide. The light scattered from the spray droplets was imaged onto a video camera and recorded on a personal computer using a frame grabber board. The imaged area was approximately 20 cm high and 30 cm wide. Instantaneous as well as frame-averaged images were acquired.
Experimental Results
For all of the results reported, the air flow through the injector was 40 scfm. The simplex injector had a flow number of F/N = 2.1 (lb/(hr/psi) and was operated at a pressure of 45 psig.
Circumferential Blowing
The first series of experiments demonstrate the ability of Coanda blowing to change the spreading rate of the spray distribution. All four Coanda jets were actuated simultaneously, which is referred to as circumferential blowing since the Coanda jets are active around the complete circumference of the injector. Figure 4 compares the instantaneous spray distribution of the modified fuel injector with and without actuation. The injector is at the top of the image and is oriented downward. The bottom of the air plenum in which the injector is housed is also visible in the images. For scale, the outer diameter of the injector is approximately 4.5 cm. The total blowing rate was 4.8 scfm, corresponding to 12% of the main flow. The spray distribution is dramatically changed by the Coanda blowing -the spreading rate is clearly increased and the interior of the spray is more uniform. The fact that the uniformity of the spray is improved suggests that the Coanda actuation may produce benefits not initially anticipated. For example, this control approach could lead to improved emissions performance since the local fuel-to-air ratio is more uniform throughout the spray. of the main injector flow rate.
As was observed in the instantaneous images shown above, the spreading rate of the spray increases significantly when the Coanda jets are activated. Even at the lowest flow rate, 6% of the main injector flow, a significant change in the spray flow field is evident. Some laser sheet extinction is observed in the images on the left side of the images, which is consistent with the fact that the laser sheet is propagating from right to left in the images. This is especially apparent in the near-field region of the spray immediately downstream of the injector.
To allow a more quantitative comparison of the spray distributions produced with the various levels of control, cuts through the Mie scattering images are plotted in Figures 6 and 7 . The profiles shown correspond to averages of ten pixel rows taken at the reported distance from the injector cup. Figure 6 compares the evolution of the radial spray distribution as a function of distance downstream of the injector for blowing rates of 0% and 6%. The Coanda blowing clearly increases the spreading rate of the spray and improves the uniformity. Care should be taken when directly comparing profiles from different downstream positions since no correction has been applied to the images to account for the laser sheet energy distribution. Figure 7 compares the radial distribution of the spray at x = 200 mm for all four blowing rates. The spray distributions appear to be almost identical for the cases with the control active. This suggests that, for the levels of control input considered here, the separation behavior of the flow and the resulting spray distribution has only have two states. It may be possible to achieve some level of proportional control by using smaller blowing rates.
Vectored Blowing
To demonstrate vectoring of the spray flow field, images were acquired with only a single Coanda jet actuator active. This mode of operation is referred to as vectored blowing since only a single Coanda jet is active and the objective is to vector the spray in the direction of the active injector. Figure 8 compares instantaneous images of the spray flow field produced by the modified fuel injector with and without the leftside Coanda jet active. For the case with the control active, the blowing rate was 1.2 scfm, corresponding to 3% of the main injector air flow. The change in the spray distribution on the left-side is clearly evident while the right side appears largely unchanged. The left-side spreading rate is significantly increased and this region of the spray flow field appears more uniform. These characteristics are very similar to those observed for the circumferential blowing cases except the effects are localized on the left side of the spray. These results are confirmed by results presented in Figure 9 , which compares radial spray distributions recorded with vectored blowing rates of 0% (0 scfm) and 1.5% (0.6 scfm). Similar to the circumferential blowing plots shown above, these profiles were derived from frame-averaged images of each case. Although not shown, the vectored blowing results show a saturating effect at the higher blowing rates. That is, the most dramatic change to the spray distribution occurs between the cases with no control applied and with the lowest level of control input, and only subtle changes are observed as the control input is further increased. These observations are similar to those made when reviewing the circumferential control results.
Discussion
The fuel injector spray visualizations presented clearly demonstrate the effectiveness of Coanda jets for changing the spray distribution. Both circumferential and vectoring blowing techniques yielded significant changes to the spreading rate as well as the overall distribution of the spray. These results suggest a mechanism for modifying the combustor heat release distribution and resulting downstream temperature profile. Furthermore, the interior regions of the spray appeared more uniform with the Coanda blowing active, potentially providing some unanticipated benefits for combustor performance. For example, small amounts of Coanda blowing may be effective in reducing the pollutant formation rates in gas turbine combustors by eliminating fuel-rich regions within the spray. Another possible benefit is improved flame holding -a more uniform spray flow field may produce a more consistent fuel-to-air ratio in the recirculation zones where flame stabilization occurs. An important consideration when evaluating the effectiveness of the Coanda blowing actuators is the relative amount of actuator air required to affect the spray distribution. For the circumferential blowing mode, significant increases in the spreading rate of the spray were achieved using an injected flow rate equivalent to 6% of the main injector flow rate. For the vectored blowing mode, a similar level of control effectiveness was achieved with an injected flow rate equivalent to 1.5% of the main injector flow rate. For a typical gas turbine engine, only about 30% of the total air flow entering the combustor passes through the injector. The majority of the total air flow is used for liner cooling and is injected downstream of the primary combustion zone. Thus, for a gas turbine engine application, the current results indicate that a Coanda jet actuation system for controlling combustor pattern would require between 0.5% and 2% of the total combustor air flow, depending on the mode of control. Furthermore, these results were obtained with an actuator system that has not benefited from refinements derived through more extensive testing. It is anticipated that improvements in the location of the Coanda jet slots as well as in the geometry of the outer swirler cup would yield significant reductions in the amount of injected air required for effective control. Additional experiments are needed to determine the extent to which proportional control can be achieved with this control approach.
Conclusions
A production fuel injector was modified to include a system of four Coanda jet actuators in the outer swirl cup. By activating all four Coanda jets simultaneously, it was demonstrated that the spreading rate of the fuel spray could be significantly increased. Activating a single Coanda jet would similarly affect the spreading rate on the side of the activated jet while the leaving the remaining spray distribution largely unchanged. This control method also produced a more uniform interior spray region. Effective control was demonstrated using injected flowrates equivalent to as little as 1% of the total engine air mass flow rate. These results indicate a good potential for using a system to control the exit temperature distribution, or pattern factor, of gas turbine engine combustor.
